We present a filter design scheme in which we use an all-fiber lattice filter to equalize Gaussian-like spectra. With a two-step design strategy, the designed equalization filter can flatten the Gaussian-like spectra in the maximally flat sense, and the spectrum ripples can be assessed quantitatively. The equalization performance is analyzed theoretically. It is also shown that the equalization performance can be improved only with an increased odd order of the lattice filter. As an illustrative example, the proposed scheme is applied to the design of an all-fiber equalization filter to flatten the output spectrum of a superluminescence light-emitting diode. Simulation and experimental results verify the theoretical analysis.
INTRODUCTION
In optical engineering applications, many optical components and devices respond with a spectral response that can be approximated over a band by a Gaussian function. However, in many of these applications, a flatter spectral response is desired. Typical cases include use of lightemitting diodes (LEDs) to make broadband light sources and the applications of photodetectors to receive broadband optical signals. 1, 2 In the first case, one would like to obtain a light output with a flat spectrum over a certain band to maintain an equal optical power distribution across multiple wavelengths. This is extremely important in several applications such as the power control of optical signals in optical communications, measurements of spectral characteristics of photonic components and devices, and optical coherent tomography imaging in bioscience. LEDs, which have a Gaussian-like output spectrum, are an economical and effective solution to provide light sources for these applications. In the second case, it is desired to measure the light power at multiple wavelengths by removing the distortions resulting from the Gaussianlike spectral response of photodetectors. Therefore it is of practical importance to develop an equalization filter to equalize Gaussian-like spectra. The filter should have two critical specifications. First, it should be able to equalize the spectrum with a given level of flatness. Second, it should have as minimal an attenuation as possible to obtain the maximal power output and input.
Over the past few decades, a good deal of focus of spectrum equalization has been given to the gain equalization of erbium-doped fiber amplifiers [3] [4] [5] [6] [7] [8] [9] and optical pulse shaping, 10 whereas to our knowledge little has been reported in the literature on the equalization of Gaussianlike spectra. 11 Although these equalization filters make use of different principles, they share a common feature. The design parameters of the filter are obtained by solving a multidimensional numerical optimization problem. This burdens the filter design with a high computational complexity, particularly when the number of parameters involved is large. In addition, the desired specifications cannot be easily incorporated into the filter design. To overcome this problem, a recursive approach is proposed to design an optical lattice filter with a given transmission spectrum. 12 However, this approach cannot be used to design a Gaussian-like spectrum equalizer, because it does not provide a method to choose the given transmission spectrum that will satisfy the two critical specifications as mentioned above for a Gaussian spectrum equalizer. Moreover, phase shifters, which are difficult to realize in practice, are required in the lattice filter design. In this paper we propose a formalized approach to design Gaussian-like spectrum equalizers by an optical lattice filter that is formed by cascading directional couplers with differential delay lines. Use of optical lattice filters is motivated by two considerations. First, an optical lattice filter can be easily implemented by use of fiber optics, which will greatly reduce the insertion loss of the obtained equalization filter. Second, the parameters of an optical lattice filter can be recursively obtained. To obtain an equalizer to meet the two critical specifications, the proposed filter design approach is established in two steps. In the first step an analytic Gaussian function is obtained by using a least-squares fitting approach to approximate the original Gaussian-like spectrum. In the second step, an Mth-order optical lattice filter is designed to equalize the analytic Gaussian spectrum. The design is derived by seeking zero derivatives, for an order as high as possible, of the overall transmission spectrum and at the same time achieving a minimal filter attenuation. Then a synthesis algorithm is performed to calculate the parameters of the optical lattice filter.
Compared with other equalizer design schemes, numerical optimization is employed only in the first step where an analytic Gaussian function is used to approximate the Gaussian-like spectrum to be equalized. As only three parameters of an analytic Gaussian function are involved, the computational complexity of the optimization is greatly reduced. This, together with the recursive calculation of the parameters of the optical lattice filter in the second step, has made the whole equalizer design more efficient. In principle, it is clear that the resultant spectrum ripples after equalization arise mainly from the approximation error in the first step because the equalization of the analytic Gaussian function is guaranteed in the maximally flat sense in the second step. Thus the proposed equalization filter can flatten the Gaussian-like spectrum to a maximally flat extent, and the equalization ripples can be quantitatively assessed by evaluating the least-squares approximation error. Moreover, since the equalizer is obtained without use of phase shifters in the differential delay lines in the optical lattice filter, the equalizer is easy to implement with fiber optics.
The analysis in this paper also reveals the relationship between the equalization performance and the order of the optical lattice filter. It has been shown explicitly in theory that the equalization performance, such as the spectrum flatness, can be improved only with an increase in the odd orders of the optical lattice filter. To verify the effectiveness of the proposed design approach, equalization of a superluminescent light-emitting diode (SLED) spectrum is considered as an example. The performance of the proposed equalization filter is first examined by simulations. Flat spectra of the SLED that are achieved by use of an optical lattice filter with different orders are compared. It is shown that only an increase in the odd order of the optical lattice filter can help to improve the flatness of the equalized spectrum. This tallies with the theoretical analysis. Then, applying the proposed approach, a first-order all-fiber optical lattice filter is fabricated and applied to equalize a real SLED output. The experimental result achieved an equalized spectrum with a 0.05 dB ripple over 34 nm of bandwidth. Comparison with existing results 11 confirms the effectiveness of the proposed equalization filter design scheme.
EQUALIZING A GAUSSIAN-LIKE SPECTRUM WITH A LATTICE FILTER
There are many optical devices that respond with spectral characteristics that can be approximated by an analytic Gaussian function. We refer to this kind of spectrum as a Gaussian-like spectrum. For example, the output spectrum of a SLED is Gaussian-like as shown in Fig. 1 . When a SLED is used to provide a broadband light source, its spectrum usually needs to be equalized by means of cascading a spectrum equalization filter. To equalize the Gaussian-like spectrum, an equalization filter is constructed in this paper in two steps. In the first step, an analytic Gaussian function is used to approximate the original Gaussian-like spectrum. The Gaussian function used is expressed as F = ␤ exp͓−͑w − w 0 ͒ 2 /2␦ 2 ͔, where w 0 corresponds to the central wavelength denoted by c , ␤ is the amplitude, and ␦ is the derivation of the Gaussian function. The approximation can be done in a least-squares sense when the measurement of the original Gaussian-like spectrum is available.
In the second step, an optical lattice filter is designed as an equalization filter with a transmission spectrum denoted by P as shown in Fig. 1 . Applying the equalization filter to the Gaussian spectrum F, the equalized spectrum can be expressed by PF. The objective of spectrum equalization can thus be stated as designing the filter with a transmission spectrum P satisfying two specifications. First, the overall spectrum PF is as flat as possible over a desired bandwidth. Second, the resultant attenuation of PF as shown in Fig. 1 should also be as small as possible.
To obtain the equalization filter, an Mth-order optical lattice filter is designed. The filter is formed by linking ͑M +1͒ two-port directional couplers with differential time-delay lines, as shown in Fig. 2 . The power coupling ratios of the directional couplers are denoted by i ͑i =1,2,… , M +1͒. All the differential delay lines are assumed to have a differential length ⌬L, which can be chosen according to the bandwidth to be designed.
When we denote the electric field at the ith port as E i (i = 1, 2, 3, 4), the transfer function of the normalized elec- tric fields from the two inputs to the two outputs of the optical lattice filter can then be expressed by the following matrix-transfer function:
͑1͒
where S i and S i denote, respectively, the field transfer function of the ith fiber coupler and the ith differential time-delay line. As shown in Ref. 13 , the field transfer function of a fiber coupler can be expressed by
where c i = ͱ i and s i = ͱ 1− i . Similarly, the time-delay line has a field transfer function expressed by 
DERIVATION OF THE EQUALIZATION FILTER
In this section a design scheme is presented to obtain the equalization filter to flatten the Gaussian spectrum with the desired performance as stated above. The design includes several steps. First, the desired transmission spectrum P bar M is obtained by applying the maximally flat principle of analytic functions on the spectrum P bar M F and meanwhile seeking a minimal filter attenuation. As a result, the power expansion coefficients of the desired P bar M is obtained explicitly by solving a constrained optimization problem. Then the field transfer function T bar M is obtained by normalizing and factoring the spectrum P bar M . Last, the coupling ratios of couplers are calculated from T bar M by a recursive algorithm.
Substituting Eqs. (2) and (3) into Eq. (1), the bar-state field transfer function T bar M can be expressed as follows:
where b k,M+1 ͑k =1,… , M +1͒ are the amplitude expansion coefficients. From the structure of the proposed optical lattice filter, all the amplitude expansion coefficients of T bar M are real numbers. Expanding T bar M T bar M* , the bar-state transmission spectrum P bar M can be expressed by a combination of cos͓2͑k −1͒w͔ as follows:
where a k,M+1 ͑k =1,… , M +1͒ are the power expansion coefficients that are the combinations of the design parameters c i and
To obtain a flat spectral response, we examine the first 2M + 2 derivatives of the spectrum P bar M F with respect to w at w = 0, which corresponds to the central wavelength. Using the chain rule, we can obtain the qth-order derivative of P bar M F as
It is noted that all the odd-order derivatives of P bar M F are zeros automatically when evaluated at w = 0. This can be verified as follows. We denote P bar M F by f͑w͒. As both P bar M and F are even functions, as is f͑w͒, we thus have
with p =1,2,… , M + 1. Then all its odd-order derivatives with respect to w have the relationship
with p =1,2,… , M + 1. That is, all the odd-order derivatives are odd functions. Therefore their values at w = 0 are zeros. To examine the maximal flatness of the equalized spectrum, it is sufficient to evaluate the even-order derivatives of P bar M F. Then we have the following set of M + 1 linear equations: (9) can be expressed in a matrix form as
We denote the matrix in the left-hand side of Eq. (10) as A 0 . It is clearly a full rank matrix of R ͑M+1͒ϫ͑M+1͒ and hence it will yield a trivial solution. Therefore an Mth-order optical lattice filter cannot achieve a flat spectrum in the sense of ͑M +1͒-order maximal flattness. In other words, only a flat spectrum in the sense of M-order maximal flatness can be achieved by use of this principle. To determine the ͑M +1͒-dimensional unknown vector v, one more constraint is needed. It can be sought from the second specification for an equalization filter to have a small attenuation so as to have a strong output power. This is equivalent to one maximizing the value of P bar M F at w = 0, i.e., max
After we apply Eq. (5) and use
Now the equalization filter can be designed such that the equalized spectrum is of Mth-order maximal flatness and the overall attenuation is minimal. Such a filter can be determined uniquely and explicitly by solving an optimization problem in expression (11) with constraints specified by the first M linear equations in Eq. (10) . Thus the desired coefficients vector v will satisfy
where s.t. signifies "satisfying," g͑v͒ = ͚ k=1 M+1 a k,M+1 and the matrix A is given by the first M rows of A 0 , i.e.,
To proceed, the matrix A is partitioned into A = ͓A 1 , a 1 ͔ where A 1 is an M ϫ M matrix formed by the first M columns of A and a 1 is the last column of A. Similarly, the vector v is partitioned into v = ͓v 1 T , v 2 ͔ where v 1 is formed by the first M elements of v and v 2 denotes the last element of v. Using these denotations, we can express the constraint in Eq. (13) by
It is from Eq. (15) that the element v 2 , the coefficient of the last item of P bar M , is determined from the first and the last items of T bar M . By examining the light paths of the optical lattice filter circuit, the last item of P bar M can be shown as v 2 =−1/2 sin 2 1 sin 2 M+1 ͟ i=2 M cos 2 i . Hence the absolute value of the last item cannot exceed 1 / 2. At v 2 = 0, it corresponds to the coupling ratio of the last coupler being zero. Using Eq. (15), on the other hand, we can express v 1 in terms of v 2 as v 1 =−A 1 −1 a 1 v 2 . Substituting it into Eq. (13), the filter design is converted to one of solving the following constraint optimization:
where e stands for an M-dimensional vector ͓1,1,¯,1͔ T .
To solve Eq. (16), we examine the value of 1 − e T A 1 −1 a 1 . It is easy to verify the following matrix identity:
͑17͒
Taking determinants on both sides, we have
Thus we have
As shown in Appendix A, the sign of det ͓ e T 1 ͔ is negative. It can also be proven that the determinant det͑A 1 ͒ is always positive (see the proof in Appendix B). Therefore the sign of 1 − e T A 1 a 1 depends on the parity of M. As v 2 is negative, to make the value of e T v 1 + v 2 bigger than zero, M has to be an odd number. Thus ͑1−e T A 1 −1 a 1 ͒v 2 will reach its maximal value when we select v 2 as −1 / 2. Then, using Eq. (15), we can obtain the desired value of the vector v 1 by
with M as an odd number. Now we have obtained the power expansion coefficients of the desired transmission P bar M that enables an M-order maximally flat spectrum with minimal attenuation. Since the optical lattice filter is a passive filter, the maximum transmission cannot exceed 100%. Thus the coefficients of P bar M must be normalized to obtain the corresponding values of the fiber couplers in the optical lattice filter. In this paper the normalization is done by
M+1 ͉a i,M+1 ͉͒, and the normalized transmission spectrum is denoted by P bar M .
With P bar M , a synthesis algorithm is employed to calculate the design parameters c i and s i ͑i =1,2,¯, M +1͒. We denote c i ͑i =1,2,¯, M +1͒ by cos i and s i by sin i where i is in the interval ͓0, /2͔. The design parameters are therefore i . The synthesis algorithm can be established by following similar procedures as in Ref. 12 , which include calculating the amplitude expansion coefficients of the bar-state field transmission T bar M from the desired transmission spectrum P bar M by spectral factorization and obtaining the parameters i recursively as follows:
for k =1,2,… , n, and b k,n and c k,n are the kth amplitude expansion coefficients of the bar-state and cross-state field transfer function in the nth recursive steps, respectively. The initial value of n starts from M + 1 to 1, where b k,M+1 and c k,M+1 are obtained from the first four steps in the synthesis algorithm as shown in Fig. 3 . So far we have obtained a general formalized approach to the design of a spectrum equalizer that can maximally flatten the Gaussian spectrum while yielding a minimal attenuation. The approach is summarized as an algorithm as shown in Fig. 3 . It is worth noting that the approximation in step 2 is in a maximally flat sense, and as a result the overall equalization ripples are mainly determined by the approximation error resulting from the first step.
DESIGN ISSUES OF GAUSSIAN SPECTRUM EQUALIZATION
In this section two practical issues in the design of desired Gaussian-like spectrum equalization filters are addressed. First, we analyze the bandwidth of the equalized spectrum that is obtained by the proposed scheme. An approximate expression of the bandwidth is derived in terms of the design parameters. Second, the tunability of the proposed equalization method and filters is addressed.
A. Bandwidth of the Equalized Spectrum
As shown in Section 3, the equalized spectrum is actually obtained by applying the maximally flat principle on the overall transfer function P bar M F around the central wavelength characterized by w = 0. The equalized spectrum is P bar M F, and the coefficients in P bar M are lumped up in the vector v = ͓â 1,M+1 , â 2,M+1 , … , â M+1,M+1 ͔ T . For the equalized spectrum P bar M F, the first 2M + 1 derivatives are all zeros. Thus the equalized spectrum can be approximated by a polynomial function that is characterized by P bar M F Ϸ c 1 + c 2M+2 w 2M+2 . Clearly, the two coefficients are determined by c 1 =max͑P bar M F͉ w=0 ͒ and c 2M+2 = ͑P bar M F͒ ͑2M+2͒ / ͑2M +2͒ ! ͉ w=0 where the superscript ͑2M +2͒ denotes the 2M + 2 derivative. Similar to Eq. (9), the 2M + 2 derivative of P bar M F at w = 0 can also be expressed in terms of the design parameters as follows:
We denote the ␦-dependent vector in Eq. (24) as u͑␦͒ T . Using expressions (11) and (12) and the definition of v , we can approximate the equalized spectrum P bar M F by
Then the bandwidth of the equalized spectrum can be evaluated by the ⑀-dB bandwidth. It is defined as the distance between two points where the equalized spectrum intersects the line with a power level less than the maximal output power by ⑀-dB. Here, ⑀ is a small value that can be specified by the users, e.g., ⑀ = 0.1 represents 0.1 dB below the maximum power level of the equalized spectrum. It can be easily seen from approximation (25) that ⑀ = −10 log ͕͓ e ͒ / u͑␦͒ T v ͔ 1/2 and the ⑀-dB bandwidth of the overall equalization spectrum in the wavelength domain can be obtained by
where c is the central wavelength used to normalize the spectrum from the wavelength domain to the normalized w domain. It is chosen as the central wavelength of the Gaussian spectrum to be equalized. Note that the spectrum given in approximation (25) is just an approximation of the equalized spectrum around the central wavelength. The approximation of the ⑀-dB bandwidth has a good accuracy when ⑀ take small values. Table 1 compares several typical ⑀-dB bandwidths calculated by Eq. (26) with those measured from the real spectrum. It is shown that ⑀-dB bandwidth obtained by Eq. (26) has a good accuracy when it is used to evaluate up to a 0.5 dB bandwidth, which is sufficient for the assessment of equalized spectra.
B. Tunability of the Gaussian-like Spectrum Equalization
As the Gaussian-like spectrum of the light source depends on operation conditions such as the pumping condition and operation temperature as well as aging, it is desired in practice that the equalization filter be tunable and that the filter design scheme support the design of tunable equalization filters, like those equalization filters for erbium-doped fiber amplifiers. 8, 10 This tunability issue of the proposed equalization scheme and filters is addressed from two aspects.
First, the proposed equalization filter design scheme can be easily extended to the design of a tunable equalization filter that is able to flatten a varying Gaussianlike spectrum in the sense of maximally flat and minimum attenuation. This is useful if the optical lattice equalization filter is implemented by using the planar waveguide technology 14 where the design parameters such as the coupling ratios of those fiber couplers can be easily tuned by use of the readily available tuning mechanisms such as thermal or electro-optic tuning. In this case, the adaptive algorithm of the proposed equalization scheme is operating in the flow diagram described in Figs. 4 and 5. An optical spectrum analyzer (OSA) is used to collect the input Gaussian spectrum. This spectrum is sent to a computer where the desired design parameters such as the coupling ratios of those waveguide couplers are calculated by following the five steps in the algorithm of Fig. 3 proposed in Section 3. The obtained parameters are then output through an analog to digital converter to the thermal or electro-optic tuning actuators to tune the coupling ratios in parallel. In what follows, the flattened spectrum is compared with the desired specifications, and the above data collection and calculations are repeated until the difference error between the equalized spectrum and the specified spectrum is within the specified error range.
Second, the tunability of the proposed equalization filter is examined by considering the robustness of the filter with respect to small variations in the Gaussian spectrum to be equalized. These small variations may result from aging variations and small changes in operation temperature. In this case, an equalization filter is designed by applying the nontuned algorithm in Fig. 3 on a nominal Gaussian spectrum. Then simulations are carried out to examine the performance of the designed equalization filter when the real Gaussian spectrum has ±5% tolerance deviations in width and amplitude with respect to the nominal Gaussian spectrum used in the design. Figure 6 gives the equalized spectra corresponding to ±1%, ±2%, and ±5% variations in amplitudes and widths of the input Gaussian spectrum. The results clearly show that the 0.5 dB bandwidth of the equalized spectra is acceptable in the presence of a small amount of variations in the input Gaussian spectrum to be equalized.
SIMULATION STUDIES
In this section simulation studies are conducted to verify the effectiveness of the proposed spectrum equalization scheme by applying it to the design of an equalization filter to flatten the Gaussian-like spectrum of a SLED light source. The original SLED spectrum is shown in Fig. 7 . Following the procedures of the proposed design scheme, the SLED spectrum is first approximated by an analytic Gaussian function. Using a least-squares approximation method, we obtain the optimal Gaussian function with the central wavelength taking c = 1544.2 nm, the amplitude ␤ taking ␤ = 0.99, and the deviation ␦ taking ␦ = 0.68. The resultant approximation error is within the range of 0.01 dB. In Subsections 5.A-5.C, the performance of the proposed design scheme is studied by considering three cases in which an optical lattice filter of the first order, an optical lattice filter of even orders, and an optical lattice filter of higher odd orders are used to design the filter to flatten the SLED spectrum.
A. Optical Lattice Filter of the First Order
First we consider using an optical lattice filter of the first order (with two couplers) as the equalization filter. The first-order optical lattice filter is formed by linking two couplers through a unit differential time-delay line. The design problem in this case is summarized as follows:
͑28͒
Using the maximally flat conditions, we obtain
͑29͒
Since A 1 =1/␦ 2 Ͼ 0, the last element v 2 will take the value a 2,2 = −1 / 2 to achieve the maximum in expression (11) . The power expansion coefficients of the bar-state transmission spectrum P bar 1 can be obtained from Eq. (20) with a 1,2 = 1.4248 and a 2,2 = −0.5. As the optical lattice filter is basically a passive filter, the maximal transmission cannot exceed 100%. To guarantee this, P bar 1 is normalized by using
The resultant coefficients are â 1,2 = 0.7402 and â 2,2 = −0.2598, which correspond to 1 = 2 = 0.4025. This means that the coupling ratios of the two couplers in the optical lattice filter are 84.66% and 84.66%, respectively. The result of applying the obtained equalization filter to the SLED spectrum is shown in Fig. 8 . It is shown that the SLED spectrum has been flattened in a maximally flat sense at the central wavelength.
B. Optical Lattice Filters of Even Orders
Now we consider optical lattice filters of even orders, i.e., M =2p. Since ͑1−e T A 1 −1 a 1 ͒ is always positive, which is shown in Appendix A, the value of ͑e
T A 1 −1 a 1 ͒v 2 cannot be positive. However, the physical realization requires that ͑e T v 1 + v 2 ͒ ജ 0. Thus this case is not possible for a practical implementation. Hence v 2 =0, as does the coupling ratio of the last coupler. Consequentially, the maximally flat filter design by use of a 2p-order optical lattice filter is exactly the same as the one by use of a ͑2p −1͒-order optical lattice filter. To see this, a simulation study of a second-order optical lattice equalization filter is carried out and compared with the result obtained with a first-order optical lattice filter.
Using a second-order optical lattice filter, we can show from Eq. (14) that From Eq. (16), we have e T v 1 + v 2 = 8.48ϫ v 2 ഛ 0; thus v 2 has to be zero, and the design problem is reduced to a first-order optical lattice filter design. To justify that this solution is unique, we consider using an exhaustive search method to look for the desired design parameters 1 , 2 , and 3 such that the equalized spectrum is maximally flat with minimal attenuation. In this method, the optimization index is defined as ʈP bar 2 F − F SLED ʈ where F SLED denotes the original SLED spectrum to be equalized. The search is executed in the whole space given by ͓0, /2͔ ϫ ͓0, /2͔ ϫ ͓0, /2͔. The simulation result shows that when we use a second-order optical lattice filter as the equalization filter, the coupling ratio of the last coupler will be zero. This justifies the conclusion that use of a 2p-order optical lattice filter will yield the same equalization results as the ͑2p −1͒-order optical lattice filter.
C. Optical Lattice Filters of Higher Odd Orders
Finally we consider the effect of increasing the order of the optical lattice filter on the equalization performance. Intuitively, by increasing the order of the optical lattice filter, the equalized SLED spectrum will be flatter. However, the insertion loss brought by the equalization filter will be bigger. In other words, the value of e T v 1 + v 2 would be smaller. Simulation studies are carried out to examine the equalized SLED spectra with the order of the optical lattice filters increased from 1 to 5. The amplitude expansion coefficients of the bar-state field transfer function obtained before and after normalization and the corresponding circuit design parameters are summarized in Table 2 . The spectrum performance of SLEDs designed with various orders of optical lattice filters are compared in Fig. 9 .
It is shown that, if the order of the optical lattice filters is increased, the bandwidth of the maximally flat spectrum will be increased. However, much bigger attenuation occurs. The results in Fig. 9 show that the maximal spectrum decreases from 0.5 to 0.2 when the order of the optical lattice filter is increased from 1 to 5.
All above simulation results demonstrate that the proposed design scheme can be used to design an equalizer filter to flatten the SLED output spectrum with a maximally flat spectrum and at the same time minimize the attenuation of the overall spectrum. 
EXPERIMENTAL RESULTS
To demonstrate the effectiveness of the proposed spectrum equalization design scheme, an all-fiber optical Mach-Zehnder interferometer (MZI) was built to implement the optical lattice filter to equalize the SLED spectrum. It has been shown in the theoretical analysis that use of an optical lattice filter of a higher odd order can yield a flatter equalized spectrum. However, from a practical point of view, use of an optical lattice filter of a higher order will increase the filter connection loss as well as the bigger attenuation. As shown in Section 5,a firstorder MZI was able to yield a flat equalized spectrum over 35 nm of wavelength range. Thus we implement a firstorder MZI to examine the experimental behavior of the equalization filter designed in our proposed design scheme. According to the coupling ratios obtained in Table  2 , the MZI equalization filter is made by fabricating two fiber couplers successively on two-piece fibers. 15 The first coupler is fabricated by a fiber coupling fusion workstation as usual with the coupling ratio set at 84.66%, whereas the second coupler is fabricated with the help of a broadband light source and an OSA. Since the isolation of the interference pattern is determined only by the coupling ratios of the two couplers and the period of the interference pattern depends on the length difference between the two couplers, the splitting ratio of the second coupler can be estimated by observing that the interference pattern reaches the expected intensity contrast. When fusing the second coupler, the fiber lengths between the couplers are made roughly the same. After the fabrication of the second coupler, one of the two fibers is then stretched to achieve the desired length difference under the monitoring of the OSA.
Connecting the filter to the output of the SLED where the Gaussian-like spectrum is measured, the equalized spectrum is observed on an OSA and is shown in Fig. 10 . It is shown that, with the maximally flat equalization filter, the 0.5 dB flat passband bandwidth increased from 25 to 47 nm and the 3 dB passband bandwidth of the SLED increased from 62 to 81 nm. This demonstrates the effectiveness of the proposed design approach. It is also noted that a 3 dB attenuation of the equalized spectrum is observed at the central wavelength. This is mainly due to the losses caused by the stretching of the fiber arms in the fabrication process and the insertion loss of the equalization filter. The insertion loss can be reduced by use of a fiber coupling fusion workstation with a more precise motion system.
CONCLUSION
In this paper we presented a quantitative approach to the design of an optical lattice filter to equalize Gaussian-like spectra. The design procedure consists of two steps. In the first step, the Gaussian-like spectrum is approximated by an analytic Gaussian spectrum. Then an optical lattice filter is designed in the second step to flatten the analytic Gaussian spectrum with a maximally flat passband and minimal attenuation. It has been shown that the proposed design scheme can be used to design an equalization filter to flatten the Gaussian-like spectrum to the maximal extent. Since the design involves only a simple numerical optimization and a recursive calculation of the lattice filter parameters, the equalizer design is much more efficient than existing schemes. In addition, since the equalization is done in a maximally flat sense, this two-step equalization design enables the designer to quantitatively assess the equalization ripples. Theoretical analysis in this paper also shows that, by use of the proposed lattice structure, the equalization passband is increased only with an increase of odd orders of the optical lattice filter. As an illustrative example, the proposed equalization scheme is applied to implement an all-fiber optical lattice filter to flatten a Gaussian-like spectrum of a SLED. It is shown, through simulations and experiments, that a first-order equalization lattice filter can yield a greatly improved spectrum equalization, with less than 0.05 dB of passband ripple, in comparison with existing SLED equalization results.
APPENDIX A
The purpose of this appendix is to prove that the sign of det ͓ 
͑A1͒
From this expression in Eq. (A1), we have 
APPENDIX B
In this appendix we prove that the determinant of matrix A 1 is always positive.
By definition, A 1 is the first M columns of the M ϫ ͑M +1͒ matrix A defined in Eq. (14) . Thus the matrix A 1 has the following expression: 
͑B5͒
If k is an odd number, it is trivial to verify that there are even items in the bracket in Eq. (B5) and their sum is zero. Thus h can be simplified as
if k is an odd number. If k is an even number, i.e., k =2n ( n is a integer), there are 2n − 1 items in the bracket in Eq. (B5). Then h can be expressed as This research was supported by grant U04-P-106B.
